Neurodegeneration is a hallmark of many neurological diseases, including Alzheimer's, Parkinson's, and the polyglutamine diseases, which are all caused by misfolded proteins that accumulate in neuronal cells of the brain. Although apoptosis is believed to contribute to neurodegeneration in these cases, genetic mouse models of these diseases often fail to replicate apoptosis and overt neurodegeneration in the brain. Using nuclear transfer, we generated transgenic Huntington's disease (HD) pigs that express N-terminal (208 amino acids) mutant huntingtin with an expanded polyglutamine tract (105Q). Postnatal death, dyskinesia, and chorealike movement were observed in some transgenic pigs expressing mutant huntingtin. Importantly, the transgenic HD pigs, unlike mice expressing the same transgene, displayed typical apoptotic neurons with DNA fragmentation in their brains. Also, expression of mutant huntingtin resulted in more neurons with activated caspase-3 in transgenic pig brains than in transgenic mouse brains.
INTRODUCTION models show no apoptosis or overt neurodegeneration in their brains. Species differences as well as the expression levels and protein context of transgenes likely determine the nature of neurological phenotypes and neurodegeneration. For example, a transgenic monkey model of HD, which expresses exon1 htt (1-67 amino acids) with an expanded polyQ repeat, shows more severe neurological symptoms than HD mice expressing exon1 or larger N-terminal mutant htt (9) and displays prominent axonal pathology not seen in HD mouse models (10) . On the other hand, transgenic HD sheep expressing full-length mutant htt with a 73Q tract live normally and show only a decrease in the expression of medium spiny neuron marker DARPP-32 (11) . Thus, as with HD mouse models, the expression of N-terminal mutant htt may be necessary for large animals to display robust neurological phenotypes and pathological changes. However, whether mutant htt can cause apoptosis in large animals remains unknown.
RESULTS

Generation of transgenic HD pigs
Studies of various HD mouse models demonstrate that N-terminal htt fragments with an expanded polyQ tract are pathogenic and cause more severe neurological symptoms than full-length mutant htt (3144 amino acids) (7) . Since transgenic miniature pigs generated by pronuclear injection of a 3.3-kb cDNA encoding approximately 1100 amino acids of human htt with a 75 polyQ tract were reported to have no phenotypes (15) , we chose to express the first 208 amino acids of human htt with 105Q (N208-105Q) in Tibetan miniature pigs, because expression of this fragment in astrocytes even below the endogenous level can cause age-dependent neurological symptoms in transgenic mice (16) .
N208-105Q was linked with an enhanced cyan fluorescent protein (ECFP) via F2A, a small viral peptide that can be self-cleaved (17) in mammalian cells to separate N208-105Q and ECFP.
The transgenes were expressed under the control of the cytomegalovirus enhancer and chicken beta-actin (CAG) promoter ( Fig. 1A) , which can lead to the ubiquitous expression of transgenes in all tissues. After transfection of this htt construct into early-passage primary porcine fetal fibroblast cells by electroporation, live cells expressing the transgenes were selected and verified by PCR ( Fig. 1B) . We selected five cloned cell lines that express either N208-105Q or N208-160Q ( Table 1 ). The cloned cells show the expression of both transfected htt and ECFP ( Fig. 1C and Supplementary Material, Fig. S1 ). These cells were used to generate transgenic HD pigs via nuclear transfer as described previously (18, 19) . A total of 4213 reconstructed embryos were transferred into 26 gilts that exhibited a natural estrus. Six early pregnancies were established, and four of them went to term with five live births (Table 1) . However, all five of these piglets came from 2355 embryos that were reconstructed with cloned N208-105Q cells and transferred into 15 piglets. In contrast, 1858 embryos that were reconstructed with cloned N208-160Q cells and transferred into 11 piglets failed to develop to term, suggesting that N208-160Q with a larger polyQ repeat is more toxic and prevents the early development of transgenic pigs. PCR analysis of DNA samples from the ears of the five live piglets revealed that they were positive for the N208-105Q transgene (Fig. 1D ). The live piglets appeared normal at birth ( Fig. 1E . and Supplementary Material, Fig. S2 ). Fibroblasts isolated from the ears of transgenic piglets were cultured and showed the expression of ECFP (Fig. 1F ). Southern blotting analysis of the genomic DNAs from fibroblast cell lines of the transgenic pigs indicated the existence of multi-copy transgene loci, with the insertion of estimated three to four sites ( Fig. 2 ).
Neurological phenotypes of transgenic HD pigs
Although newborn transgenic pigs appeared normal at birth, the 7-1-1, 7-1-2, and 7-9 piglets were weak or unable to gain weight and died at 53 h, 44 h, and 19 h after birth, respectively ( Table 2 ). Such early death is similar to the postnatal death of transgenic monkeys that express exon1 (the first 67 amino acids) mutant htt with 83-88Q (9) . Another transgenic pig (6-15) lived for 25 days and then died prematurely ( Table 2 ). Only the 7-1-3 pig is still alive (four months old now) and has shown no obvious symptoms. Although the cause for the postnatal death of transgenic HD piglets remains to be determined, transgenic HD pigs (71-1, 7-1-2, and 7-9) do have sucking difficulty, which could contribute to their failure to gain weight and early death. In addition, the 7-1-1 piglet showed striking involuntary movement (hyperkinesia) before death (Supplementary Material, Fig. S3 ). Such a phenotype is similar to the chorea seen in HD patients and transgenic HD monkeys (9) and has not been found in more than 50 pigs transgenic for other genes in our previous experiments or reported in other transgenic pigs via nuclear transfer (12) (13) (14) .
Expression of transgenic mutant htt in pigs and mice
The transgenic HD piglets were cloned from cell colonies that may have had varying copy numbers of transgenes at different integration sites. Also, a number of variables, including cell cycle stages, passages, and treatment of donor cells, as well as different reprogramming states of the donor nuclei in oocytes after nuclear transfer, can influence the expression levels of mutant htt in transgenic piglets and the corresponding phenotypes. We thus performed western blot analysis of cultured fibroblasts isolated from the ears of transgenic piglets. Anti-htt (mME48) staining clearly shows the uncleaved transgenic protein and cleaved N208-105Q (arrow in Fig. 3A ), which were only present in transgenic cells, but not in cells from a wild-type pig. We also performed western blotting using 1C2, an antibody against the expanded polyQ domain that is more sensitive to soluble mutant htt than mEM48. 1C2 western blotting revealed that cells from the 7-1-3 pig, which is still alive, expressed the lowest level of N208-105Q and its degraded product compared with cells from other piglets. Cells from the 6-15 pig expressed the second-lowest level of N208-105Q and its degraded product ( Fig. 3A) , consistent with the fact that the 6-15 pig lived longer (25 days) than the other HD pigs. Thus, the expression levels of mutant htt may contribute to the life span of transgenic HD pigs.
We also performed western blot analysis of brain cortical tissues from transgenic pigs ( Fig.   3B ). We found the uncleaved (arrowhead) and cleaved N208-105Q htt (arrow) in the brain tissues of all dead transgenic pigs ( Fig. 3B ), which were recognized by anti-htt (mEM48) and 1C2 antibodies, but were not present in the brain tissue of the wild-type pig. Similarly, western blotting also showed the expression of transgenic htt in the peripheral tissues of the 6-15 HD pig (Supplementary Material, Fig. S4 ). We also generated transgenic mice expressing the same N208-105Q construct via pronuclear injection and obtained two lines (line-11 and line-23) of the N208-105Q mice. These transgenic HD mice were normal at birth, though their founders died at five to six months. Western blot analysis of F1 mice (two months old) of these two lines with anti-htt verified the expression of N208-105Q in their brain tissues ( Fig. 3C ). In the HD mouse brains, we also observed the uncleaved transgenic protein (arrowhead) and N208-105Q (arrow), as well as its degraded product ( Fig. 3C ).
Apoptotic cells in the brains of transgenic HD pigs
1C2 immunocytochemistry confirmed the expression of N208-105Q in the transgenic pig brains.
Interestingly, we found typical apoptotic neurons with nuclear DNA fragmentation in the brains of transgenic HD pigs ( Fig. 4A ). However, examination of the brains of the N208-105Q transgenic mice revealed no apoptotic neurons, although their brain neurons also expressed mutant htt ( Fig. 4A ). This negative phenomenon also occurs in the brains of Hdh140CAG knockin mice expressing full-length mutant htt ( Fig. 4B ). To compare the relative expression levels of mutant htt in the brains of different HD animal models, we performed EM48 immunostaining, as this assay is more sensitive to aggregated htt than 1C2 immunostaining. The striatum of Hdh140CAG knock-in mouse showed more abundant expression of mutant htt than those of N208-105Q transgenic pig and mouse brains ( Fig. 4C ). Thus, species and protein context, rather than expression levels of mutant htt, are likely to contribute to apoptosis seen in the HD pig brain.
Immunocytochemistry with an anti-htt antibody (EM48) verified the presence of mutant htt in the neuropil and cytoplasm of neurons in the brains of transgenic HD pigs, but not in the wildtype pig ( Fig. 5A ). Some mEM48-positive cells in the HD pig brains also showed fragmented DNA in the nuclei (arrow in Fig. 5A ). When the brain sections were stained with a low concentration of EM48 to reveal nuclear morphology more clearly, we saw apoptotic cells with DNA fragmentation in the brains of all transgenic HD pigs examined ( Fig. 5B ). Hematoxylin staining of the nuclear morphology of peripheral tissues, including liver, heart, muscle, and kidney, revealed no apoptotic cells (Supplemental Material, Fig. S5 ). Furthermore, electron microscopy provided evidence for the condensation of chromatin and for fragmented nuclei in the neuronal cells of transgenic HD pigs ( Fig. 6 ), but not in the wild-type pig brain (Supplemental Material, Fig. S6 ). Although glial nuclear DNA condensation and fragmentation were also seen, they were not as obvious as neuronal nuclear fragmentation ( Fig. 6 ), suggesting that neuronal degeneration is more severe than glial degeneration in the HD pig brain.
Although fragmented nuclei provide strong evidence for apoptosis in the brains of transgenic HD pigs, they occur at the end stage of cell degeneration and are not frequently seen by light microscopy. We therefore performed immunohistochemistry with an antibody to the activated form of caspase-3; increased staining of activated caspase-3 results from caspase activation and reflects early apoptotic events. We observed an increased number of caspase-3-positive neurons in transgenic pig brains ( Fig. 7) . Mouse brains expressing the same mutant htt (N208-105Q), but not those expressing full-length mutant htt in HdhCAG140 knock-in mice, also showed caspase-3positive neurons ( Fig. 7A ), supporting the earlier findings that expression of N-terminal mutant htt can activate caspases in cellular and mouse models of HD (20-24). Many caspase-3-positive cells are larger than glial cells that contain smaller and more intense hematoxylin-stained nuclei ( Fig.   7B ), indicating that more neuronal cells undergo apoptosis. Increased numbers of caspase-3 positive cells were seen in the brain striatum of different HD transgenic pigs ( Fig. 8A ).
Furthermore, using a low concentration of the anti-caspase-3, we were able to verify that caspase-3-positive cells do contain fragmented nuclei in the brains of transgenic HD pigs ( Fig. 8B ).
Importantly, we did not find nuclear fragmentation in the brains of transgenic N208-105Q mice, despite the presence of caspase-3-positive cells, suggesting that species differences may cause neurons to respond differently to caspase activation. We next quantified the relative numbers of caspase-3-positive neurons in N208-105Q transgenic mouse and pig brains. By counting the percentage of caspase-3-positive cells out of total cells per field (20 x), we found more caspase-3positive cells in the pig striatum than in the pig cortex ( Fig. 8C ). Compared with the N208-105Q transgenic mouse brains, transgenic HD pig brains also show more caspase-3-positive neurons in the striatum and cortex (Fig. 8C ). This difference also points to the impact of species differences on apoptosis and neuropathology.
DISCUSSION
Although we know that biological differences between humans and mice may account for the failure of some mouse models to replicate pathology in humans, whether larger transgenic animal models can mimic important neurodegenerative features caused by misfolded proteins, such as apoptosis, has not been rigorously tested. By comparing transgenic pigs and mice expressing the same transgenic mutant htt, our findings provide evidence that mutant htt can indeed cause apoptosis in the pig brain. Our studies underscore the importance of establishing neurodegenerative disease models using large animals to investigate the pathogenesis of these diseases and to develop therapeutics for them.
Pigs are much closer to humans than mice in anatomy, complexity, physiological function, and genetics. For example, a genetic pig model of cystic fibrosis replicates abnormalities seen in cystic fibrosis patients that do not occur in mouse models (13) . However, successful generation of transgenic pigs relies on nuclear transfer, a cloning strategy that has a low rate (< 1-2%) for transferred pig embryos to develop to term (18) . Nevertheless, we have obtained five piglets despite this low rate. These piglets, however, survived for different periods of time and did not show the same phenotypes, which is likely contributed by different expression levels of mutant htt in these pigs. Although the causes of early death and chorea-like symptom in transgenic HD pigs remain to be determined, we found that apoptotic neurons are presented in the brains of all four transgenic pigs examined. The presence of apoptosis in the brains of the transgenic HD pigs is linked to the expression of mutant htt in the brain. First, all transgenic HD pig brains examined show apoptotic cells, but there were none in the control wild-type pig. Second, caspase-3 staining clearly indicates that the fragmented nuclei are associated with increased caspase-3 staining. Third, by comparing our pigs with HD mouse models that also show increased caspase-3 staining, we observed that the only casapse-3-positive pig cells display apoptotic features. Also, examination of the peripheral tissues of the HD pigs revealed no apoptotic cells, suggesting specificity in neuronal apoptosis. Finally, we observed more apoptotic cells in the striatum than in the cortex. The preferential neuronal loss in the HD striatum may be associated with pathogenic cell-cell interactions by mutant htt (16, 25) and the effect of mutant htt on those proteins that have specific function or are enriched in the striatum, such as the small G protein Rhes, which has the properties of a SUMO-ES ligase (26) .
Recent studies have also established other large transgenic animal HD models. The HD transgenic monkey models expressing exon1 htt (N-terminal 67 amino acids with an 83-88 or 147 glutamine repeat) show no apoptosis (9, 10) . It is possible that exon1 htt lacks the protein context necessary for caspase activation in the monkey brain. Protein context-related neuropathology has been found in various HD mouse models expressing different forms of mutant htt (23) . In a transgenic pig (15) expressing a larger mutant htt fragment (1100 amino acids) and in transgenic HD sheep (11) expressing full-length (3144 amino acids) mutant htt, no apoptosis, early animal death, or neurological phenotype was reported. It is possible that neurodegeneration in large animals only occurs when sufficient degraded N-terminal fragments have accumulated in old animals. Thus, expressing N-terminal mutant htt fragments can facilitate disease progression, resulting in the early postnatal death of transgenic HD pigs and apoptosis in their brains.
Cellular apoptosis is a complex process that is triggered by extrinsic and intrinsic signals. The extrinsic pathway involves the activation of a death receptor upon binding of its ligand, recruitment of specific proteins at the "death domain," and downstream signaling through a cascade of protein-protein interactions. The intrinsic pathway involves the mitochondria and the release of pro-apoptotic factors into the cytosol, with subsequent activation of executioner caspases. It is well accepted that mitochondria are key players in the early induction and regulation of apoptotic cell death by releasing cytochrome C (27) . Toxic insults, such as oxidative stress, DNA damage, and misfolded proteins, can damage mitochondria or initiate mitochondrial apoptotic signaling to trigger caspase activation cascades (28, 29) . It has been documented that mutant htt directly binds mitochondria to affect the respiratory function, membrane permeability, or trafficking of mitochondria (30, 31) . Mutant htt also indirectly affects the biogenesis of mitochondrial proteins via gene transcription dysregulation (32, 33) . In addition, aggregated proteins recruit caspase-8 to activate caspase cascades (21) . In support of this idea, a dominant negative mutant of caspase-1 is found to delay disease progression in transgenic HD mice (20).
Although apoptosis is seen in the brains of patients with HD (34-37), as well as Alzheimer's, Parkinson's, and other neurodegenerative diseases (1) (2) (3) 38) , most transgenic mouse models of neurodegenerative disorders lack apoptotic neurons. In the brains of symptomatic HD mice that express N-terminal mutant htt and show increased caspase activation (23, 39) , only dark degenerated neurons without typical apoptotic features are seen (23, 40) . Although ultrastructural evidence for apoptosis in the HD mouse brains is still lacking and no apoptosis has been found in YAC and BAC transgenic mice that express full-length mutant htt, an early study showed that transgenic mice expressing full-length mutant htt under the CMV promoter displayed apoptotic-like cells death in their brains (41) . It is possible that protein context and polyQ repeat length in htt, the levels of transgenic htt, and the ways to generate transgenic animals (i.e. pronuclear microinjection vs nuclear transfer) can influence the neuropathology in transgenic animals. However, our comparison of transgenic HD pigs and mice, which express the same mutant htt, clearly indicates the species differences in the generation of apoptosis. The pig brain is more similar to the human brain than the rodent in development, gross anatomy, and biochemical and physiological function (42) . Neuronal circuitry, anatomy, and physiological functions specific to the pig brain could make pig neurons more vulnerable to misfolded proteins. The longer gestation period for pigs than mice (typically 113-115 versus 21 days) may allow the toxic form of mutant proteins, such as truncated N-terminal mutant htt, to cause more severe neurodegeneration in the pig brains. While these possibilities need to be investigated, our findings clearly indicate that species differences play an important role in the nature of the neuropathology caused by misfolded proteins. Considering these differences, transgenic models using higher mammalian species or large animals to model important neurodegenerative diseases would provide deeper insight into the pathogenesis of these disorders. Furthermore, because pigs and humans are more physiologically similar than rodents and other typical laboratory animals, transgenic pig models of diseases can also help identify effective therapeutics for HD and other neurodegenerative diseases.
MATERIALS AND METHODS
Antibodies
Mouse monoclonal antibody (mEM48) against the N-terminal region (amino acids 1-256) of human htt was described in our previous study (43) . The mouse anti-polyQ antibody (1C2) was purchased from Millipore (Temecula, CA). A rabbit antibody to the activated form of caspase-3 was from Cell Signaling. The mouse anti-gamma-tubulin antibody was purchased from Sigma-Aldrich (St. Louis, MO) and used at 1:50,000 dilution. Secondary antibodies were peroxidaseconjugated donkey anti-mouse or donkey anti-rabbit IgG (H+L) from Jackson ImmunoResearch (West Grove, PA).
Cell culture, transfection, and selection
Primary fibroblasts were isolated from 35-day-old Tibet miniature swine fetuses, and digested by collagenase-DNase in cell culture medium containing 0.032% Collagenase (Sigma, C5138) and 2500 IU/ml DNase for 4-6 hours at 37°C. The cells were plated on 10-cm-diameter culture dish in the cell culture medium. Adherent cells were frozen the following day.
For transfection of N-terminal mutant htt (the first 208 amino acids including a normal 23Q repeat) with a total of 105Q in the repeat, A pgk-neo expression cassette as a selection marker was used to express a fusion protein of N208-105Q-F2A-ECFP under the control of the cytomegalovirus enhancer and chicken beta-actin (CAG) promoter. Primary fetal fibroblasts were thawed and cultured for 2 days to subconfluence. About 1×10 7 fibroblasts were electroporated using an electroporator (GenePulser Xcell, Bio-rad) at 230 V, 500 µF in 0.8 ml of D-PBS containing pCAG-HTT-2A-ECFP (100µg/ml) pre-linerized with SFi. Transfected cells were divided into 10 culture dishes (10-cm-diameter) and cultured for 2 days in DMEM containing 15% FCS and G418 (1 mg/ml). After 7-10 days of culture with G418 (1 mg/ml), cell clones with ECFP expression were picked up and verified via immunofluorscence microscopy for expressing transfected htt. Htt positive cells were thawed and cultured to sub-confluence before nuclear transfer.
Nuclear transfer and generation of transgenic HD pigs and mice
We used similar methods described in our previous studies (18, 19, 44) . Pig ovaries collected from local slaughter house were transported to the laboratory in 0.9% saline at 35-39°C. Injected oocyte-fibroblast pairs were placed between two 0.2-mm-diameter platinum electrodes 1 mm apart in fusion and activation medium with a position vertical to the electrodes. Fusion/activation was induced with two successive DC pulses of 1.2 kV/cm for 30µsec on an electro fusion instrument (CF-150B, BLS, Hungary). Embryos were kept in micromanipulation medium without CB for another 30 min before the fusion rate was evaluated. Reconstructed embryos (50-100) were transferred to a 500 µl of culture medium covered with mineral oil in a four-well multidish, and the dishes were held in 5% CO2 in air at 39°C until embryo transfer.
Most embryos were cultured for 20 hours and surgically transferred into the oviduct of a surrogate the day after observed estrus.
A total of 4213 (2355 from the 7-1,7-9, and 6-15 cell lines, 1858 from the 7-101 and 5-37 cell lines) reconstructed embryos were generated. These reconstructed embryos were cultured for 20 hours in vitro and then surgically transferred into the oviduct of 26 Tibetan miniature gilts exhibiting a natural estrus. Of these gilts, 15 gilts were used for transferring embryos derived from the 7-1,7-9 and 6-15 cell lines and11 gilts for transferring embryos derived from the 7-101 and 5-37 cell lines. Gestation was monitored weekly via ultrasound from 24 days after transfer.
Six early pregnancies were established, and all were from the 7-1, 7-9, and 6-15 cells. Four of these pregnancies went to term, with five liveborn piglets. Ear skin tissues were obtained from the newborn piglets mechanically, treated with 70% ethanol for 5 min, and washed 3 times with DPBS. The tissues were minced, and cells were isolated for culture in the same way as for the fetal fibroblast cell culture.
For generation of transgenic HD mice, microinjection of the N208-105Q-F2A-ECFP linearized vector into the pronucleus of fertilized oocytes from FVB mice was performed by the Emory University transgenic mouse core facility. Genomic DNA was isolated from mouse or pig tails, and the PCR genotyping method was employed for screening transgenic mice and pigs.
Primers with sequences flanking the CAG repeat were used for PCR. Sequences of the primers are: forward primer (5'-ATGAAGGCCTTCGAGTCCCTCAAGTCCTTC-3') and reverse primer 
Western blotting and immunocytochemistry
For western blots, cultured cells or brain tissues were homogenized in RIPA buffer (50 mM Tris, For immunohistochemistry labeling, mice were anesthetized and then perfused intracardially with 0.9% NaCl, for 30 s followed by 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.2. The postmortem pig brains were removed and cut into 5 mm slices and soaked in 4% paraformildehyde for 72 hours with two changes of fresh 4% paraformildehyde. Brains were cryoprotected in 30% sucrose at 4°C. Fixed mouse or pig brains were sectioned at 40 mm using a cryostate (Leica CM 1850). Free-floating sections were preblocked in 4% normal goat serum (NGS) in PBS, 0.1% Triton X-100, and then incubated with mEM48 antibody (42) or 1C2
(1:2000, Millipore) at 4°C for 48hs. The immunoreactive product was visualized with the avidinbiotin complex kit (Vector ABC Elite; Vector Laboratories). For hematoxylin staining, brain sections were stained with modified Lillie-Mayer hematoxylin for 1 to 3 min and blue hematoxylin in 0.3% sodium borate for 15 sec. After washes with distilled water, brain sections were placed in 95% alcohol for 30 sec. Light micrographs were taken using a Zeiss microscope (Axiovert 200 MOT) equipped with a digital camera (Orca-100; Hamamatsu) and the image acquisition software Openlab (Improvision). A 20" (LD-Achroplan 20"/0.4 numerical aperture NA) or 63" lens (63"/0.75 numerical aperture) was used for light microscopy.
Quantification of caspase-3 positive cells was performed using the same method described previously (23) . Each micrograph at a magnification of 20× was examined. The percentage of caspase-3-positive cells of total cells in hematoxylin stained brain sections was obtained. For each pig or mouse brain region, three to four randomly selected images were captured. More than 3 brain sections of each animal were examined. The data were obtained from the brains of HD pigs (7-1-2, 7-9, and 6-15) and wild type pig as well as N208-105Q transgenic and control mice.
Electron microscopy (EM)
For EM examination of the pig brain morphology, postmortem pig brains that were removed within 2-3 h after death were fixed for 72 h in 4% paraformaldehyde in 1X PBS. Cortex and striatum vibratome sections (50 mM) were further fixed in 4% paraformaldehyde/2.5% glutaradehyde/0.1M PB for 24 hours. The sections were then fixed in 1% buffered osmium tetroxide, dehydrated with ethanol, and embedded in Eponate 12 resin (Ted pella Inc., Redding, CA). Ultrathin sections were cut on a Leica UC6rt ultramicrotomm (Leica Microsystems, Bannockburn, IL) at 70-80 nm, placed on Formvar coated grids, and counter-stained with 4% aqueous uranyl acetate and 2% lead citrate. Sections were examined using a Hitachi H-7500 transmission electron microscope (Hitachi High Technologies of America, Inc., Pleasanton, CA) equipped with a Gatan BioScan CCD camera.
Genomic Southern blotting
Genomic DNAs were extracted from pig primary fibroblast cells or mouse-tails. Five micro grams of DNA were incubated with EcoR1 at 37'C overnight. The digested DNA were loaded on a 0.7% agarose gel and run overnight. The gel were stained with 0.05 mg/ml of EtBr for revealing DNA and then washed to remove the EtBr in 1X TAE buffer for 30 min. The DNA gel was denatured and neutralized. DNA were blotted to a supported nitrocellulose (GE health Care life science) and hybridized at 65°C for 3 h with a DNA probe of ECFP fragment released from the transgenic vector. The DNA probe was labeled using the Amersham Rediprime™ II DNA Labeling System (GE health care, Life science) and 32 P-dCTP (Perkin Elmer Life Science), The blots were hybridized in the Rapid-hyb buffer (GE health care, life science) according to manufacture's instruction, and were exposed to a blue sensitive film for 3 h at -80°C. Fig. 4 and Fig. 7 . The data were collected by examining the wild-type and HD (7-1-2, 7-9, and 6-15) pig brains and are presented as mean ± SE. ** p< 0.01 compared with control. Scale bars: 5 μm. 
